Knowledge of connectivity in the nervous system is essential to understanding its function. Here we describe connectomes for both adult sexes of the nematode Caenorhabditis elegans, an important model organism for neuroscience research. We present quantitative connectivity matrices that encompass all connections from sensory input to end-organ output across the entire animal, information that is necessary to model behaviour. Serial electron microscopy reconstructions that are based on the analysis of both new and previously published electron micrographs update previous results and include data on the male head. The nervous system differs between sexes at multiple levels. Several sex-shared neurons that function in circuits for sexual behaviour are sexually dimorphic in structure and connectivity. Inputs from sexspecific circuitry to central circuitry reveal points at which sexual and non-sexual pathways converge. In sex-shared central pathways, a substantial number of connections differ in strength between the sexes. Quantitative connectomes that include all connections serve as the basis for understanding how complex, adaptive behavior is generated.
Animals are capable of a wide range of behaviours that collectively must be controlled and tightly integrated to promote survival and reproduction. To understand animal behaviour, it is necessary not only to identify the cellular substrates and circuits that underlie particular responses and actions, but also to describe how these circuits are integrated to generate a cohesive and prioritized adaptive output. A connectivity diagram that covers the entire nervous system is necessary to investigate how such integration is implemented. To date, synapse-level neural maps derived from electron micrographs have been published for the nematodes C. elegans [1] [2] [3] [4] and Pristionchus pacificus 5 , the retina and portions of the neocortex of the mouse [6] [7] [8] [9] [10] , the visual system, mushroom body, locomotion and larval escape response circuits of Drosophila [11] [12] [13] [14] [15] , the larval visual system of the annelid Platynereis 16 and the central nervous system of larva of the ascidian Ciona 17 . Here we present connectomes that encompass the entire animal for the nervous systems of the two adult sexes of the nematode C. elegans.
Whole-animal connectomes
Connectivity has been described previously for sections of the C. elegans nervous system that encompasses the major neural centres, including the anterior and posterior body regions and the pharynx of the adult hermaphrodite and the posterior region of the adult male [1] [2] [3] [4] 18 . These data have been the basis not only of C. elegans neuroscience research, but also of investigations into the network structure and its potential dynamic and control properties, studies that have contributed to the development of network concepts such as 'small world' , 'network motifs' , 'modules' and 'rich clubs' .
Here we add a reconstruction of circuitry for the male head, including the nerve ring and retrovesicular ganglion, from a new electron microscopy (EM) series and re-annotate previously generated prints of the hermaphrodite. This allowed us to extend the previous work in a number of ways (Extended Data Supplementary Information 2, 3), thus making graph and network analysis possible. Our annotation method of the digitized images enabled us to score more synapses than the previous efforts (Extended Data Fig. 1 and Methods).
As none of the EM series cover an entire single animal, to generate whole-animal connectomes, data from different reconstruction series were combined and the remaining gaps were filled by extrapolating known connectivity across repetitive regions (Methods). The graph of the hermaphrodite connectome has 460 nodes (302 neurons, 132 muscles, and 26 non-muscle end organs), whereas the male graph has 579 nodes (385 neurons, 155 muscles, and 39 non-muscle end organs). Complete cell lists are given in Supplementary Information 4. The respective graphs have 4,887 chemical (or directed) edges and 1,447 gap junction (or undirected) edges in the hermaphrodite and 5,315 chemical and 1,755 gap junction edges in the male (Extended Data Fig. 3 and Supplementary Information 5). They are sparse graphs with respectively 3.2% (for the hermaphrodite) and 2.4% (for the male) of all possible edges. Although sparse, if all edges for both sexes are considered to be undirected, both chemical and gap junction graphs are connected, meaning that there is a path connecting every pair of nodes (weakly connected). The fraction of physical connectivity due to gap junctions varies widely among neuron classes, ranging for non-pharyngeal interneurons from over 90% to less than 5% (Extended Data Fig. 3d ).
Two-dimensional layouts of the connectivity graphs based on computational arrangement reveal the pathways of sensory information flow, the small number (1) (2) (3) (4) (5) of synaptic steps between the sensory neurons and the end organs, and the feedforward nature of the networks ( Fig. 1 ; A3 and interactive versions of Fig. 1 can be found in the Supplementary Information). The notable similarity in the placement of the nodes to the neuroanatomy of the worm reflects economical wiring, a property commonly found for nervous systems, including in C. elegans [19] [20] [21] [22] . Although the graph layouts of the two sexes appear to be different superficially, close examination shows that for those neurons present in both sexes, including the ones in the head that provide sensory input Article reSeArcH and decision-making for head movement and navigation in the physical and chemical environment, pathways of connectivity are similar but not identical (see ' Comparison of the sexes'). Within the animal, neurons and neuronal processes are arranged similarly (Extended Data Fig. 4 ). The primary sex differences are in reproductive functions, the vulval and uterine muscles and the motor neurons that control them in the hermaphrodite and-in the male-the large number of additional neurons, sex muscles and connections in the tail that generate the circuits for copulation 3 .
The architecture of information flow
We use the polarity of the chemical synapses and the architecture of the physical connectivity networks to order the sex-shared neuron and end-organ classes using an algorithm that detects hierarchy in a network 18, 23 (Fig. 2) . (Lists of the neuron and end-organ classes are provided in Supplementary Information 6; adjacency matrices by cell class are included in Supplementary Information 7.) Interneurons can be categorized roughly into one of three layers that reflect the preponderance of their output onto the layer below and approximately the number Fig. 1 | The C. elegans adult nervous system, neuroanatomy and connectivity. a, The major nerve tracts and ganglia (anterior to left) of adult hermaphrodite and adult male. Not shown are lateral nerves containing the processes of three neurons associated with the canal cell and processes of lateral touch neurons. The major sex difference is a larger number of neurons and muscles in the male tail that subserve copulation. The primary centres of complex connectivity are the nerve ring and, in the male, the preanal ganglion. CG, cloacal ganglion; DRG, dorsorectal ganglion; LG, lumbar ganglion; PAG, pre-anal ganglion; RVG, retrovesicular ganglion; VG, ventral ganglion. Bottom diagrams, neuroanatomy and network graph. In the interactive version of this figure (see Supplementary Information), the cells in the worm are connected to the nodes in the network, and information about each cell is given along with links to supporting websites. b, c, Adult hermaphrodite (b) and adult male (c). The top right insets show the sex muscles. The worm diagrams show the locations of cell nuclei (left side and centre nuclei only, the right-side homologues of left-right pairs are not shown). In the graph representations, the layout of the vertices is determined by an algorithm that clusters more-heavily connected cell pairs (AllegroViva, forcedirected strong clustering algorithm). The display is by Cytoscape (https:// cytoscape.org/). Nodes are labelled in the A3 and interactive versions of the figure (see Supplementary Information). Directed edges (black arrows) represent chemical synapses; undirected edges (red lines) represent gap junctional connections. The widths and transparencies of the lines represent the edge weights. A single key to network diagrams is used throughout: triangles, sensory neurons; hexagons, interneurons; ovals or circles, motor neurons; rectangles, muscles. Colours define various categories: various shades of red indicate categories of sensory neurons defined by modality and similarity of connectivity (Fig. 3) ; various shades of blue indicate interneuron categories according to their assignment to a layer (or lack of assignment in the case of IN4) (Fig. 2) ; motor neuron classes (various shades of yellow and orange) are described in the text; non-muscle end organs are white, grey or black. Sex-specific neurons are pink or purple, with numerous additional colours used here for the malespecific network in the male tail, delineating the modules described previously 3 .
Article reSeArcH of synaptic steps to motor neurons 24 . A fourth interneuron category, which consists of interneurons that interact across all layers, cannot be fitted into this layered structure. Chemical and gap junctional connections are distributed throughout the network (Extended Data Fig. 6 ).
The 83 sensory neurons that are shared by both sexes may be grouped into six categories based on type of stimulus, connectivity and the nature of the evoked behavioural response. Output of these categories is differentially distributed across the network (Fig. 3) . Chemical connectivity between the three interneuron layers forms a feedforward loop: layer 3 substantially targets both layer 2 and layer 1, whereas layer 2 targets layer 1. As previously noted 3, 18 , the feedforward loop is a prevalent motif in the C. elegans connectome (Extended Data Fig. 7) .
As the sensory neurons of C. elegans generally respond to multiple stimuli, sensory integration begins within the sensory neurons themselves 25, 26 . The amount of convergence and divergence at single nodes in a network is specified by a quantity known as the node degree, which refers to the number of attached edges (number of neighbours) (Extended Data Fig. 3 ). Considering the graph of connectivity between cell classes, median degree values of around 19 illustrate the extensive cross-connectivity and thus indicate both convergence and divergence throughout the nervous system. Diverging connectivity enables information from single sensory neurons to potentially reach from 70% to 98% of all the other cells in the network within two synaptic steps.
In addition to outputs to muscle, there is considerable nervous system connectivity to non-muscle end organs, including the hypodermis, intestine, excretory system and-in the male-the gonad (Extended Data Fig. 8 and Supplementary Information 5). These connections suggest an important role for the nervous system in influencing physiology beyond the secretion of extrasynaptic signals.
Generation of body movements
Postural movements of C. elegans during foraging and locomotion are generated by a set of 95 body-wall muscles that are arranged in four longitudinal rows, two of which are sub-dorsal and the other two are sub-ventral. Within each of these quadrants, adjacent muscle cells are electrically coupled by gap junctions (Fig. 1) . One hundred fifty-four neurons in 46 classes have neuromuscular junctions with these somatic muscles (Extended Data Fig. 9a ). Of these neurons, we classify 108 neurons in 17 classes-accounting for 91% of input to the body-wall muscles-as motor neurons, because a large fraction of their output is to muscle, and muscle control appears to be their primary function (Extended Data Fig. 9b ). Our classification for some motor neurons differs from the previous classification 1 ( Supplementary  Information 1) .
The 108 motor neurons can be subdivided into three groups. Five classes of head motor neurons innervate the muscles in the anterior body region (URA, RME, RMD, RIV and RMH), seven classes of ventral cord motor neurons innervate the muscles in the remainder of the body (VA, DA, VB, DB, VD, DD and AS) and five classes of sublateral motor neurons (SAB, SMD, SMB, SIB and SIA) have muscle output from axons that extend longitudinally in sublateral tracts adjacent to each of the four muscle quadrants (Extended Data Fig. 10a ). The sublateral motor neurons have been incompletely described heretofore, because their axons run through body regions that have not been fully imaged by EM at high magnification. Immunofluorescence staining of acetylcholine-synthesizing and -releasing machinery reveals extensive release of this neurotransmitter along the sublateral tracts, at least through the anterior two-thirds of the body 27 (Extended Data  Fig. 10b ). Limited spot checks of available micrographs have verified that the release sites correspond to dyadic synapses onto hypodermis and muscle at swellings that contain presynaptic densities 28 (Extended Data Fig. 10c, d) . Functional studies have shown that SMD encodes the Fig. 2 | The nervous system can be arranged hierarchically. a, A previously published algorithm 18, 23 was used to arrange the neuron and end organ classes of the hermaphrodite (Extended Data Fig. 5) . b, For the male, to facilitate comparison, the sex-shared classes were arranged to match the hermaphrodite arrangement and the male-specific nodes were added by hand to show their inputs. a, b, The layout shows a largely directional information flow (vertical axis) from sensory neurons (triangles), through interneurons (hexagons) and motor neurons (coloured circles), to muscles (boxes). The horizontal axis is based on the amount of connectivity and roughly corresponds anatomically to anterior to left, posterior to right (similar to Fig. 1 ). Sex-specific neuron and muscle classes are indicated by a purple surround. Three layers of interneurons approximately one, two and three synapses, respectively, from motor neurons can be discerned, each consisting of neuron classes with a preponderance of their output onto neuron classes of the layer below (as shown in c, d) Article reSeArcH amplitude of a deep ventral bend behaviour known as the Ω-turn; SMB influences the amplitude of sinusoidal movement; SAB is thought to act in proprioception; and the SIA neurons are involved in so-called 'flipping behaviour' during lethargus 24, 29, 30 . It may be expected that the posture of the worm will arise from the muscle tensions that result from the summed inputs of these three groups of motor neurons. Indeed, worm posture can be described well by summing four 'eigenworms' , the shapes of which, respectively, correspond to these groups: the first two are sinusoidal, corresponding to the forward and backward classes of ventral cord motor neurons, the third is a general body curvature, corresponding to the potential effect of the sublateral motor neurons, and the fourth includes head bending, corresponding to the head motor neurons 31, 32 . Innervation of the members of these three classes of motor neurons is complex. Altogether, there is synaptic input into the motor system (motor neurons and muscles) of significant strength (more than three serial EM sections) from 60 classes of interneurons and sensory neurons (126 neurons) out of a total of 82 classes (73%; Fig. 4 ). These observations emphasize the complexity of motor control in C. elegans and the importance of taking an analytical approach based on a complete structural description and considering behavioural state and motor output as an emergent property of the network [31] [32] [33] .
Reproducibility of connectivity
We examined the connectivity of members of left-right homologous neuron pairs onto left-right homologous targets in the nerve ring of the hermaphrodite reconstruction to assess the amount of natural variability in connectivity. For chemical connections, edge weights varied by 10-40%, depending on connection strength (Fig. 5a , Extended Data Fig. 11 and Supplementary Information 8). Gap junctions were more variable. Differences between individual worms will be expected to be at least this large. This information is used in the following section to identify sex differences.
We examined one apparent outlier of interest. In both sexes, the gustatory neuron ASEL (that is, the left neuron of the pair) has greater chemical connectivity than ASER (that is, the right neuron of the pair) to the olfactory neuron class AWC. The ASEL-ASER pair is known to be lateralized in its ability to sense chemosensory cues 34, 35 . 
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We confirmed the difference in connectivity by in vivo fluorescence labelling of this synaptic connection (Fig. 5b) .
Comparison of the sexes
The extensive sexual differentiation of the morphology and tissues of the two C. elegans sexes extends to the nervous system and end organs. In total 8 neurons and 16 sex muscles are specific to the hermaphrodite; 91 neurons and 39 sex muscles are specific to the male. These sex-unique components are synaptically integrated within the shared nervous system of 294 neurons. In the male, 67% of the shared neuron classes (62 out of 93 classes) receive input from sex-specific neurons, accounting for 16% of their total input. Reciprocally, 54% of the shared neuron classes (50 out of 93 classes) have output onto the sex-specific component, constituting 18% of the input of the sex-specific neurons. In the hermaphrodite, 37% of the neuron classes are targeted by the two sex-specific neuron classes, HSN and VC, but this constitutes only 1.4% of total input of the shared component.
The circuits controlling the sex-unique behaviours of egg laying and copulation include both sex-specific and sex-shared neurons. This is most notable in the male, in which the neural network that controls copulation consists of 85 male-specific and 64 shared neurons 3, 36 . Some of the shared neurons retain the same function that they have in the hermaphrodite but are targeted by male-specific neurons. For example, the major layer 1 pre-motor interneurons AVA and AVB, which promote backward and forward locomotion, respectively, are targeted by three major male-specific interneurons, PVV, PVX and PVY, that regulate the locomotion of the male during copulation 37, 38 . Other shared neurons that participate in the male circuits are extensively differentiated in the adult male compared to the adult hermaphrodite and larval stages, and serve different functions in the two sexes ( Fig. 6a-f) .
Sex-specific neurons connect into the sex-shared central circuitry in the head with two functions: to regulate behaviour during overt reproductive activity and to mediate sex-specific, appetitive decisionmaking. Some of their targets, several of which are targeted in both sexes, also receive inputs from sex-shared sensory circuits and thus represent points of integration of sexual and non-sexual pathways (Fig. 6g, h) .
Several shared neurons, including sensory neurons, are sexually differentiated to support sex-specific navigational choices 39, 40 . Sexspecific patterns of neurotransmitter expression have been described for 11 classes of shared neurons 41 . Such differences in neuron properties extend to connectivity throughout the nervous system. A statistical ranking of differences is provided in Supplementary Information 9. We tested six chemical connections by in vivo synaptic labelling and confirmed that each exhibited a difference between the sexes (Fig. 5c, d and Extended Data Fig. 12) . A further six have been experimentally verified by others 42 . An additional 33 chemical and gap junctional differences that are found among the connections of the neurons that are remodelled during sexual differentiation are also likely to be true sex differences (Supplementary Information 9) . In central pathways, there are sex differences involving shared neurons that appear to function in sexual pathways (for example, male-specific connectivity of AVF to RIF and RIM, and male-specific connectivity of AIM to AIB (AIM shows male-specific expression of neurotransmitters and expresses the male mate-searching-promoting Article reSeArcH neuropeptide PDF-1 41, 43 )). Through the analysis of fluorescent synaptic reporters in juvenile animals before sexual maturation, we furthermore found that, apart from previously described sex-specific pruning 42 , sexually dimorphic synapses can also be generated through sex-specific growth of synaptic contacts (Fig. 5d) .
It is difficult to identify sex differences from EM reconstructions alone. Differences may be due to developmental variability, as assessed above (Fig. 5a ), or to age disparity, rearing conditions or experience, not to mention differences due to errors and differing degrees of completeness in the reconstructions themselves. With these caveats, the statistical ranking of differences (Supplementary Information 9) provides a list of candidates for further examination. Even accepting these reservations, extrapolation from the abovementioned results suggests that as many as 10-30% of the substantial connections (more than three serial EM sections) found in either reconstruction may represent connections that differ substantially in strength between the sexes. Such possible differences involve both chemical and gap junctional connections and occur at all levels throughout the network (Extended Data Fig. 13 ).
Discussion
We present physical connectivity matrices for the entire nervous system of an animal, for both adult sexes. The quantitative, connected networks serve as starting points for deciphering the neural control of the behaviour of C. elegans. The amount of convergence and divergence of sensory input pathways is such that particular behavioural-response pathways cannot be readily identified in general. The major motor neurons as well as their primary pre-motor interneurons are highly interconnected and receive some input from most of the remaining neurons, defying simple interpretation of motor output. Moreover, the structural connectome describes only one portion of the functional communication network. Extrasynaptic communication by neurotransmitters, neuropeptides and hormones provides a second dimension that controls the flow of information for optimal output 44 . The complex circuitry outlined here must underlie both the many known behaviours in C. elegans, and the underpinnings for less well understood or novel behaviours, such as learning and memory, inter-animal communication, social behaviour and the complexities of mating.
These whole-animal C. elegans connectomes should be considered a conceptualization, being constructed as they are from multiple animals and including some connections that are observed in the opposite sex and some that are not observed at all but assumed to be present based on the repetitive nature of certain regions. Individuals will differ in detail as a result of natural developmental variability (Fig. 5a ). Additional differences will add further variation to this basal level. Outgrowth of neurites and establishment of synapses in C. elegans occurs throughout larval development and continues through the L4 larval stage and into adulthood, and ectopic neurite sprouting continues as the nervous system ages 45, 46 . Reinforcement of connectivity by circuit activity and hence experience has been demonstrated but little studied so far 45 . The extent to which differences in the behaviour of individual worms is due to differences in connectivity remains to be explored 47 . The connectome is too complex not to be under the control of dynamic, homeostatic mechanisms; an EM-based connectome should be considered a snapshot of a dynamic structure.
These results are important for modelling studies in two ways. First, the more-detailed architecture of individual neurons, and the locations and structures of individual synapses may be important for understanding the functions of neurons within circuits. Although C. elegans neurons are largely isopotential 48 , the properties of these neurons that control activity, such as calcium levels, may be compartmentalized, as has been previously demonstrated in one example 49 . Thus, signalling may not be uniform or simultaneous at all synapses.
Second, modelling the functions of the nervous system at the abstracted level of the connectivity network cannot be seriously undertaken if a considerable number of nodes or edges (for example, edges that represent electrical couplings) are missing. Inclusion of the end organs is important as-at least in the case of C. elegans-they are . Connections to the intestine and intestinal muscle in the hermaphrodite are absent in the male. In the male, connections are made to male-specific neurons and muscles instead (violet backgrounds). e, f, LUA is repurposed from the touch circuit in the hermaphrodite 51 to sustaining copulation in the male 52 . g, h, Nerve ring targets of sex-specific neurons (HSN in the hermaphrodite and CEM, MCM and EF in the male) together with the targets of two shared neurons (PVQ and AVF) that are targeted by the sex-specific neurons in both sexes. g, In the hermaphrodite, the serotonergic HSN neurons target the shared left-right pair of AVF interneurons, which in turn target the AVB forward premotor interneurons. This connection stimulates a momentary burst of forward locomotion just before egg-laying 53 . h, In the male, AVF-which has a cell body in the head and a process extending through the ventral nerve cord into the tail-receives extensive input from the male-specific component in the tail and, as in the hermaphrodite, targets AVB in the head. This common function in the two sexes implicates AVF as a shared interface for controlling locomotion during sexual behaviour. g, h, The shared interneuron RIF similarly receives input from sex-specific neurons in both sexes. RIF is also targeted in both sexes by the AIA interneuron, a conduit of pathways from sensory pathways in the head (data not shown). RIF thus appears to be a locus of integration of sexual and sensory pathways. Both AVF and RIF, along with PVQ, express the receptor for sexual behaviour-promoting neuropeptide PDF-1; in addition, RIF expresses the receptor for the sexual behaviour-promoting neuropeptide nematocin, a homologue of oxytocin and vasopressin 43, 54 . h, GABAergic (γ-aminobutyric-acid-releasing) male-specific tail interneurons EF (EF1, EF2 and EF3)-which, similar to AVF, receive extensive input from male-specific sensory neurons in the tail and communicate to the head-are necessary for the presence of hermaphrodites on a bacterial food source to prevent males from leaving 55 . Male-specific head interneuron class MCM (MCML and MCMR) mediates male-specific prioritization of sex-attraction cues over aversive cues in a conditional learning paradigm 56, 57 . Both EF and MCM, as well as male-specific pheromone-sensing CEM neurons, have AVB, RIF and AVF among their targets 58 . Article reSeArcH electrically coupled, which will have a marked effect on their activity. Any gap in a chain of connected cells, such as the chains of motor neurons and muscles that drive C. elegans locomotion, will prevent the propagation of signals. The attempt is made here to describe connectomes that are sufficiently complete for computational analysis.
Our characterization of the sublateral motor neurons, identification of interneurons in central sexual pathways, documentation of a class of interneurons that connect across an otherwise hierarchical structure, and description of an important interface between the nervous system and non-muscle end organs such as the hypodermis, highlight the importance of the connectomic approach for understanding the function and behaviour of the nervous system. For well over a century, from the time of Broca, neuroscientists have endeavoured to locate the neural substrates of behaviour. For this effort, connectomic reconstruction is a powerful approach. The function of some neurons may be deduced from their connectivity, which can identify them as a previously unknown cell class. How neurons signal emerges from whether they are chemically or electrically coupled. EM-level ultrastructures can indicate neuronal functions such as sensory perception or hormone secretion. Modelling approaches, for which completeness is essential, are enabled by connectomes and can provide novel insights. The physical structure gives a massive amount of new information, much of which could not have been foreseen; unidentified unknowns can come to light. New information revealed by structure provides the basis for subsequent hypothesis testing by experimental methods.
Online content
Any methods, additional references, Nature Research reporting summaries, source data, statements of data availability and associated accession codes are available at https://doi.org/10.1038/s41586-019-1352-7. 
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MEthodS
Nematodes. For the EM series constructed in the MRC laboratory (Cambridge, UK) during the 1970s, hermaphrodite and male nematodes were of the wild-type N2 (Bristol) strain 1 . For the N930 male series generated for in the present study, male worms of the N2 strain with the him-5(e1490) mutation were used. This mutation increases the rate of X chromosome non-disjunction, thus raising the frequency of males in selfing populations. Nematodes were grown on Petri dishes as described previously 59 . The ages of the Cambridge worms at the time of fixation were not generally recorded (N. Thomson, personal communication). However, they are likely to have been adults that were several days old, as practice showed that older worms generated clearer electron micrographs (J. White, personal communication). We judge N2U to be a three-day old adult, based on the appearance of the uterus, which is still healthy like a younger adult. The male for the posterior series, N2Y (series 4 of the previous study 60 ), is described as an 'old adult' 60 . It may be a day older than N2U, judged by the more darkly staining nervous tissue.
Male worms for the N930 series were staged and tested for fertility before fixation, as follows: L4 males were separated to an all-male plate preseeded with bacteria and allowed to mature overnight. The next day, they were placed individually with five fog-2(q91) females for 5 h and then moved to a separate plate. The following day, the number of laid eggs and hatched larvae on the mating plates were counted and males with demonstrated fertility were chosen for fixation and electron microscopy (around 40 h after L4-adult moult). Individual N930 sired 108 progeny in this test. Sample preparation for transmission electron microscopy. In the previous study, worms were fixed in 1% osmium tetroxide in 0.1 M sodium phosphate, pH 7.4 for 1 h at 20 °C before embedding, sectioning and poststaining 1 . This method was developed by N. Thomson to best bring out cell membranes and synaptic structures at the expense of many features within the cytoplasm. In the present study, fixation and staining methods for the male series N930 were developed to closely match the Thomson results with improved cytoplasmic features. A combined 0.7% glutaraldehyde and 0.7% osmium tetroxide fixation in cacodylate buffer at 4 °C for 3 h was followed by fixation in 2% osmium tetroxide, again in cold cacodylate buffer for 4.5 h before embedding, sectioning and poststaining. Although our efforts failed to stain chemical synaptic features exactly as in the previously published images, they are still identifiable and measurable in size in animals from both sources. Gap junctions are more difficult to score overall, but those difficulties are similar across all animals used in this study. The EM series for hermaphrodites. The EM series used are described in Supplementary Information 10. The hermaphrodite reconstruction is based on the legacy series that has previously been described for the anterior and posterior regions 1 (N2U, N2T, JSE) and for the pharynx 2 (N2T, N2W, JSA). Sections are transverse to the longitudinal axis of the worm; section thickness is 70-90 nm, judged by silver colour 61 (N. Thomson, personal communication). For reannotation in the present work, the original 55 cm × 60 cm montaged prints covering the region of the nerve ring, 30 cm × 40 cm prints elsewhere, were digitized. New images of the original grids were obtained for the dorsal cord for N2U and of the sublateral cords from N2U and N2T. New images of the sublateral cords and lateral nerves were also obtained from multiple N2 animals in the Hall collection (N501A-C, N939A-I, N2_825 and him5-1217) (young adults, about 2 days old, section thickness about 50 nm, judged by grey/silver colour). Altogether, several thousand new images were obtained and analysed. The EM series for males. The N2Y series covering the male posterior was created for a previous study 60 at the same time as the hermaphrodite series. It consists of a single long low-power series covering the entire tail plus several high-power sets covering the posterior ventral cord, the pre-anal ganglion, the dorsorectal ganglion, the left and right lumbar ganglia, and several lateral sets for tracing the commissures from the lumbar ganglia into the pre-anal ganglion ( Supplementary  Information 10) .
Series N930, generated at Einstein for the present study, consists of 1,515 50-nm transverse sections that extend from anterior of the anterior bulb of the pharynx to the posterior end of the pharynx (Supplementary Information 10) . Altogether, 54,000 digital camera images were obtained (the resolution of the digital camera necessitated imaging at high magnification); those from single sections were montaged for annotation. In the 286-section region that covers the nerve ring, for which a complete cross-section of the worm has to be imaged, 120 camera images were stitched per section. In the 334-section region that covers the ventral ganglion, 50 camera images were stitched per section. EM annotation and reconstruction of connectivity. Electron micrographs were annotated by hand using the software program Elegance 62 . Images are viewed from the posterior so that left and right correspond to the left and right sides of the worm. Elegance is designed to make reconstruction as rapid as possible by allowing all features to be entered by single mouse clicks without tracing. Thus neuron maps are skeleton diagrams. Coordinates of centroids of neurite and cell body profiles, presynaptic density structures and gap junctional structures are entered as point objects in a MySql database. Pairwise relationships between these structures are then entered: identities of pre-and postsynaptic neurites for chemical synapses, neurites joined by gap junctions, and the continuity across sections of multi-section structures-neurites, presynaptic densities and gap junctions. Identities of postsynaptic cells at polyadic chemical synapses are entered consistently in clockwise order around the presynaptic site (Extended Data Fig. 2 ). This order of entry is recorded in the database so the precise structure of the synapse is known. The software handles all bookkeeping, assigning index labels to objects, storing relationships in the database, and generating skeleton neuron maps and synapse lists. Reproducibility of the annotation has been assessed by comparing the results of independent annotators 62 . In this analysis, the percentage uncertainty (s.d.) in the number of sections scored ranged for chemical synapses between 10% for edge weights of 10 sections or less to 2% for edge weights of 40 sections or more. Similar results are expected for gap junctions. Differences arise from out-and-out errors and from differing interpretations of ambiguous structures.
Reannotation of the previously analysed micrographs 1, 60 was facilitated by the numbers written on the neuron profiles during the previous studies, which aided following neurites and provided cell identities. There are no prior annotations indicating synapses. Cell identities in the N930 male reconstruction were made in a progressive manner by comparing many features to those of cells and neurites in the hermaphrodite. These features included cell-body location and morphology (soma size, directionality of processes, number and location of branches, and vesicle density and appearance), process location in the neuropil in relation to other processes, process morphology, whether presynaptic, postsynaptic or with neuromuscular junctions. Synaptic partnerships were not used to identify neurons. For the male posterior, the connectivity described in a previous study 3 was used. Results of the reconstructions, including neuron maps, synapse lists and links to the electron micrographs, are available at http://wormwiring.org/. Adjacency matrices. For a description of nervous system structure as a graph of connectivity, the data from neuron maps are abstracted as an adjacency matrix with weights that indicate the total amount of physical connectivity between each cell pair. We obtained weights by adding together the sizes of the often multiple-synaptic connections. As C. elegans is a worm and much of the nervous system consists of simple, unbranched processes that run in longitudinal bundles in which they make en passant synapses, while our EM sections are transverse to the longitudinal axis, our annotation method made it possible to obtain an estimate of the size of most synapses by counting the number of sections traversed by the synaptic structure. This varies from 1 to 23 sections in the hermaphrodite and from 1 to 41 sections in the male for chemical synapses, and from 1 to 20 sections in the hermaphrodite and from 1 to 30 sections in the male for gap junction synapses (Supplementary Information 3) . For both chemical and gap junction synapses, average synapse size judged in this way is larger for stronger connections than for weak ones (Extended Data Fig. 2d ). If synapse size is not taken into account, judging connectivity strength by counting synapses alone will therefore underestimate the strength of strong connections and overestimate the strength of weaker connections.
The sizes of synaptic structures within neurite profiles in the EM images, which are not all the same, are not measured. Error due to this simplification becomes more important in cases in which neurites travel closer to the plane of section, for example in the region of the nerve ring. Notably, this has little effect on the values of the weights but it could be important for particular connections. To judge the size of the effect, we examined the data of the hermaphrodite anterior reconstruction (N2U). We divided the synapses into three regions: not nerve ring (that is, retrovesicular ganglion and nerve cord-mostly longitudinal processes), nerve ring 45° section, nerve ring in-plane section (in which neurites cross over the top of the pharynx). Of 7,446 synapses (chemical plus gap junctions), the synapses fell roughly equally into these three regions (2,578 not nerve ring, 2,472 nerve ring 45°, 2,396 nerve ring in-plane). Because the scoring method does not account for 'partial' sections, it has no effect on scored synapse sizes below four sections. It may or may not have any effect on larger synapses, depending on where they lie with respect to section boundaries; there is only a definite effect on larger synapses. However, only a small fraction of the load in each region (total number of sections) is through synapses >4 sections (not nerve ring: 5.5% of synapses, 26% of sections; nerve ring 45°: 4.7% of synapses, 18% of sections; nerve ring in-plane: 1.9% of synapses, 6.3% of sections). Although these values do appear to reflect a cut-off of higher values in which neurites are running in or near the section plane, the error in total connectivity is small. However, this conclusion might not be true for a particular connection. Therefore, for each synapse in the N2U and N930 reconstructions, its location in one of the three regions is noted in the synapse lists (Supplementary Information 3) . If a particular synapse or set of synapses of interest fall within the nerve ring in-plane region-where there could be a large effect-the electron micrographs can be retrieved and examined through WormWiring (http:// wormwiring.org/).
Article reSeArcH
The completeness of the reconstructions varies and will affect the values of the weights. When comparing weights in N930 with those in N2U and N2Y, if weights in N930 were reduced by a factor of 0.625 (50/80) to account for the difference in section thickness, they were uniformly low. This is probably due to the less complete nature of the N930 reconstruction-synapses are missing ( Supplementary  Information 10) . Considering that the male graph contains the same major pathways as the hermaphrodite and verifiable sex differences can be identified, the missing synapses must be distributed relatively uniformly over the connections. It was judged that for the purpose of comparison, the best estimate of the weights in N930 was obtained by omitting a correction factor for the smaller section thickness. Comparison of absolute morphological weights across different reconstructions is likely always to be a fraught enterprise. Assembly of whole-animal connectomes. None of the EM series covers an entire animal. In the hermaphrodite, the best anterior series (N2U) ends around the midbody vulva whereas the best posterior series (JSE) extends anteriorly only as far as the junction between the ventral cord and the pre-anal ganglion ( Supplementary  Information 10) . N2U includes only the anterior portion of the dorsal nerve cord where the neuromuscular junctions to the dorsal muscle quadrants are located. N2T was used to view newly found synapses along the amphid nerves, anterior to the ring. In the male, the anterior series (N930) extends posteriorly through the ventral ganglion, whereas the posterior series (N2Y) extends anteriorly to a position near the border between the seminal vesicle and the vas deferens (Supplementary Information 10) .
As a first step in generating adjacency matrices covering the entire animal, gaps were filled with data available from the opposite sex. For these regions-roughly the posterior ventral cord in the hermaphrodite, the anterior ventral cord in the male and the male pharynx-sex differences, if present, are missed. After adding data from the opposite sex, a gap still remains in a region of the posterior body where there are no high-power EM series from either sex. This gap includes gap junctions between adjacent muscles, neuromuscular junctions between the ventral cord motor neurons and dorsal and ventral body-wall muscles, connections from one ventral cord motor neuron to the next, and connections between the major premotor interneurons AVA and AVB and ventral cord motor neurons. These gaps in the adjacency matrices, which leave some muscle cells and some motor neurons without any innervation, precisely line up with the unreconstructed region and thus are unquestionably artefactual. To complete the connectome, connections were added with weights similar or identical to the measured weights of neighbours in these chains. A similar extrapolation approach was used to estimate connectivity of the sublateral motor neurons to body-wall muscles. Altogether, in the hermaphrodite adjacency matrix, chemical edges between neurons added by extrapolation amount to 3.6% of the non-pharyngeal neuron-neuron edges, whereas neuromuscular junctions amount to 45% of the neuron-muscle edges, half of which involve the sublateral motor neurons. Extrapolated gap junctions, mostly between muscles, amount to 13% of the non-pharyngeal gap junction edges. Comparison to previously published studies. The method of reconstruction using the software Elegance allowed us to generate more finely detailed skeleton maps than those published previously 1 . We scored more synapses compared to the previous papers for two reasons (Extended Data Fig. 1 ). First, we scored more electron micrographs. We have gone back to the original thin sections from the previous study 1 to gather more electron micrographs of some nerve cords, including the dorsal cord from N2U and the sublateral cords from N2T and N2U. We also imaged sections from the Hall laboratory collection of previously sectioned wild-type animals for coverage of the sublateral and lateral cords. We added more synapses in the amphid nerves that had not been closely examined for possible connectivity in the original N2T prints, but had been first noted in another species 5 . Second, by switching our analysis to a digital platform, using Elegance software, it became easier to visualize and score many smaller chemical synapses and gap junctions compared to viewing single EM prints by eye. Elegance places several successive aligned images side-by-side on the screen. The user can zoom in to an arbitrarily large size. Marks are placed in overlays over those images for annotating both neurites and synapses 62 . Previously, prints were marked for neurite profiles but not for synapses, which were only noted down on separate lists. By placing marks over every synapse, it became easier to exhaustively tally them in a complex field of view. For the largest chemical presynaptic densities that span many sections, it became easier to notice and record where additional postsynaptic partners appeared for just one or two sections, thus adding more synaptic connections and potentially edges to the graph.
We make it possible to confirm our calls. Excel files are provided that list every synapse in an EM series, its properties and a unique identifier (Supplementary  Information 3) . The ID number can be entered in a search box on the neuron page of WormWiring (http://wormwiring.org/), which will locate the synapse on the map. Clicking the synapse on the map opens the relevant EMs for viewing.
In the neuron maps provided in previous publications, it was not always possible to determine what all the partners are at a polyadic synapse. Maps note polyadic partners at synapses in cases in which a neuron is presynaptic but do not list corecipients in cases in which a neuron is postsynaptic 1 . In order to determine the co-recipients in that case, it is necessary to consult the map of the presynaptic neuron. However, it is not always possible to correlate synapses on different maps. In addition to the cells involved at each polyadic synapse, we record their arrangement around the presynaptic density, as described above (Extended Data Fig. 2 ). This data may be analysed to determine whether there are categories of postsynaptic cells: 'primary' (the cell in the middle of a triad, or a cell in apposition throughout the length of a presynaptic density) and 'secondary' (cells not in the middle, or not in contact throughout the length of a presynaptic density). This information may have implications for synaptogenesis or synapse function. Immunocytochemistry. To identify cholinergic specializations in the sublateral nerves, adult nematodes were fixed with methanol and acetone and stained with a mouse monoclonal antibody against VAChT (monoclonal antibody 1403) and Cy3 anti-mouse antibody (Jackson ImmunoResearch) 63 .
Statistical analysis for comparison of connectivity.
To compare male and hermaphrodite connectivity for cell classes, a z-score was calculated for each presynaptic-postsynaptic pair that is shared between the two sexes ( Supplementary  Information 9) . The z-score is the difference between connection strengths between genders, normalized by its estimated variance. The variance of the observed connection strength is assumed to be a function of its expectation. In order to assess this variance and identify differences between the hermaphrodite and male data that are greater than expected due to developmental variability, we estimated the amount of developmental variability by comparing left-right homologues in the hermaphrodite data (the most complete and accurate dataset). We compared the connectivity of left-right homologues onto cell classes that themselves consist of left-right homologues and derived a function for variance as a function of expectation. To estimate this function, we assume that the observed weights of connections between left-right homologues in the hermaphrodite are independent observations of random variables with the same mean and variance, denoted here as X and Y. 42 . pEAB27 (Psri-9::wrmCherry), was generated by Gibson assembly of a 1.2-kb fragment of the sri-9 promoter into the 5′ SphI and 3′ XmaI sites of a Fire vector-based mCherry plasmid (C. elegans codon-optimized; here called wrmCherry) (forward primer 5′-CAACTTGGAAATGAAATAAGCTTGCATGCAGCAT TTCTGAGCTGTAATTT-3′, reverse p ri mer 5 ′-GG GT CC TT TG GC CA AT CC C G GG TG TT TT TT GA AG CCTTGAAATAAAC-3′), which was then subcloned into the 5′ SphI and 3′ XmaI sites of MVC2 to generate pEAB31 (Psri-9::nlg-1::gfp1-10).
pEAB23 (Psrh-18::wrmCherry), was generated by Gibson assembly of a 464-bp fragment of the srh-18 promoter into the 5′ SphI and 3′ XmaI sites of a Fire vector-based wrmCherry (forward primer 5′-CAACTTGGAAATGAAATAAGCT TGCATGCTAGGTGACAGTGGTTATT C-3′ a nd reverse primer 5 ′-GG GT CC T T TG GC CA AT CC CG GG TG AT TT TA TG AC GTGAAGTTTGTTC-3′), which was then subcloned into the 5′ SphI and 3′ XmaI sites of MVC2 to generate pEAB25 (Psrh-18::nlg-1::gfp1-10).
pEAB28 (Pgpa-6::AP::nlg-1) was generated by subcloning of a 2.7-kb fragment of the gpa-6 promoter from the 5′ SphI and 3′ XmaI sites of pMO22 (Pgpa-6::BirA::nrx-1).
To generate Psto-3::tagBFP and Psto-3::AP::nlg-1, a 971-bp fragment of the sto-3 promoter was amplified from genomic DNA (forward primer 5′-CGCTAACA ACTTGGAAATGAAATAAGCTTGCATGCGATGCCCAATCAGTTTTTTTTC ACC-3′, r everse primer 5 ′-TT TC AG GA GG AC CC TT GG AG GG TA CC GC CG G C CA AT CA TA AGCCAAACCAAGTGAGAAG-3′) and inserted into the 5′ SphI and 3′ KpnI sites of tagBFP and AP::nlg-1 using Gibson assembly.
To generate Pklp-6::BirA::nrx-1, a 877-bp fragment of the klp-6 promoter was amplified from genomic DNA (forward primer 5′-ACGCTAACAACTTGG Article reSeArcH AAATGAAATAAGCTTGCATGCTGAAATGCCG CAAAGACTAC-3′, reverse primer 5 ′-AG CA AT GA TG TT GA AG GT GG CA TT GC CG GC GG TA CC GA GT C ACCCTTTCCCATTATTCT-3′) and inserted into the 5′ SphI and 3′ KpnI sites of BirA::nrx-1 using Gibson assembly.
To generate Pglr-6::BirA::nrx-1, a 3,905-bp fragment of the glr-6 promoter was amplified from genomic DNA (forward primer 5′-ACGCTAACAACTTGGA AATGAAATAAGCTTGCATGCGGCCCGAGTC AC AAATACCGC-3′, reverse primer 5 ′-AG CA AT GA TG TT GA AG GT GG CA TT GC CG GC GG TA CC TT CAA ATGCATTTGTTCAGC-3′) and inserted into the 5′ SphI and 3′ KpnI sites of BirA::nrx-1 using Gibson assembly.
To generate Peat-4p12::BirA::nrx-1 a 480-bp fragment of the eat-4 promoter was isolated by 5′ KpnI and 3′ SphI restriction digest from a plasmid containing Peat4p12::GFP and inserted into the 5′ SphI and 3′ KpnI sites of BirA::nrx-1 using T4 ligase.
To generate Pche-1::BirA::nrx-1, a 1,380-bp fragment of the che-1 promoter was amplified from genomic DNA (forward primer 5 ′-GGAAATGAAATAAGCTTG CATGCGAACAAACCAGAGGATTATGTTCC-3′, r ev er se primer 5′-GT CC TT TG GC CA AT CC CG GG TA TT TA TT TC AA TT AA AACAAGAGTTTAAAAC-3′) and inserted into BirA::nrx-1 using RF cloning.
To generate Pceh-36::tagBFP and Pceh-36::AP::nlg-1, a 1,841-bp fragment of the modified ceh-36 promoter was isolated by 5′ HindIII and 3′ BamHI restriction digest from a plasmid containing Pceh-36prom2del1::GFP and inserted into the 5′ SphI and 3′ KpnI sites of tagBFP and AP::nlg-1 using Gibson assembly.
To generate Pinx-1::BirA::nrx-1, a 961-bp fragment of the inx-1 promoter was amplified from genomic DNA (forward primer 5′-ACGCTAACAACTTGGAAA TGAAATAAGCTTG CATGCCAGATTCATAACTGTCTATG-3′, reverse primer 5 ′-AG CA AT GA TG TT GA AG GT GG CA TT GC CG GC GG TA CC CT TG TCCACA AAATCGTCGTC-3′) and inserted into the 5′ SphI and 3′ KpnI sites of BirA::nrx-1 using Gibson assembly.
To generate Pgcy-13::tagBFP and Pgcy-13::AP::nlg-1, a 2,225-bp fragment of the gcy-13 promoter was amplified from genomic DNA (forward primer 5′-CCCCGC GCGTTGGCCGATTCATTAATGCAGCTCAAAATCCATTGTGTAAGTTC-3′, re verse primer 5 ′-TG CC GG CG GT AC CC TC CA AG GG TC CT CC TG AA AC CA TC CTACAGAGGAGGC-3′) and inserted into the 5′ SphI and 3′ KpnI sites of tagBFP and AP::nlg-1 using Gibson assembly.
To generate Pflp-26::BirA::nrx-1, a 4,130-bp fragment of the flp-26 promoter was amplified from genomic DNA (forward primer 5′-ACGCTAACAACTTGGAAATG AAATAAGCTTGCATGCATGATCCCGACCAGACCTGTGTG-3′, reverse primer 5 ′-AT GA TG TT GA AG GT GG CA TT GC CG GC GG TA CC TG TG AA AA C T GTAAGTGTTCTTG ACGGG-3′) and inserted into the 5′ SphI and 3′ KpnI sites of BirA::nrx-1 using Gibson assembly.
To generate Pgpa-4::BirA::nrx-1, a 2,570-bp fragment of the gpa-4 promoter was amplified from genomic DNA (forward primer 5′-ACGCTAACAACTTGGAAA TGAAATAAGCTTGCATGCATGCGACAGAAG ACAGAGACTCGAG-3′, reverse primer 5 ′-ATGATGTTGAAGGTGGCATTGCCGGCGGTACCCATTT TGTGAACACTTTTCAACAATG-3′) and inserted into the 5′ SphI and 3′ KpnI sites of BirA::nrx-1 using Gibson assembly. Light microscopy. Worms were anaesthetized using either 100 mM sodium azide (NaN 3 ) or 5 mM levamisole and mounted on glass slides with 5% agarose pads. Worms were visualized using fluorescence microscopy and Nomarski optics using a Zeiss 880 confocal laser-scanning microscope (all GRASP experiments and PHA to PHB iBLINC) or Zeiss Axioimager Z1 with Apotome. Multidimensional data were reconstructed as maximum-intensity projections using either the Zeiss Zen Black software or ImageJ. Puncta were quantified by scanning the z stack of images for distinct dots that corresponded to axons labelled by cytoplasmic markers. All anterior images were scored blind to sex. Sexually dimorphic tail anatomy precluded blinding to sex when scoring posterior images of the PAG. Use of different fluorescence markers to label the presynaptic neurite prevented blinding to genotype in most instances. Figures were prepared using Adobe Photoshop CS6 and Adobe Illustrator CS6. Reporting summary. Further information on research design is available in the Nature Research Reporting Summary linked to this paper.
Data availability
The datasets generated and/or analysed during the current study are available at http://wormwiring.org/. The collection of C. elegans nervous system electron micrographs are also available at https://www.wormatlas.org/ and https://wormimage.org. The datasets generated and/or analysed during the current study are also available from the corresponding author on reasonable request.
nature research | reporting summary 
Statistical parameters
When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main text, or Methods section).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one-or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Software and code
Policy information about availability of computer code Data collection
Data analysis
For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
Data
Policy information about availability of data All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
-Accession codes, unique identifiers, or web links for publicly available datasets -A list of figures that have associated raw data -A description of any restrictions on data availability 
